The power supply from many small decentralised power generation plants (DPG) 
INTRODUCTION
The high rate of connections of photovoltaic and biogas plants in the south of Germany is posing more and more problems for the local distribution grid operator with regard to maintaining the voltage in MV and LV networks. Also at LVN, the feedback capacity in many network areas is considerably higher than consumption. Figure 1 shows the power generation connection trends in the LEW Verteilnetz GmbH network area since the introduction of the EEG (Renewable Energy Sources Act) in the year 2000. Above all, there are increasingly more serious voltage increases on sunny Sundays and bank holidays on the MV and LV network levels in rural network areas. However, the thermal stress limits of the operating equipment are seldom reached. As a rule, this problematic situation is counteracted by extensive network expansion and reinforcement measures. According to a study carried out by the BDEW [1] , the network expansion requirements in Germany on the MV and LV network level, depending on the scenario in question, lie between 195,000 km and 380,000 km. This expansion will cost approximately 10 to 27 billion Euros up to the year 2020.
A further short-term, feasible and cheap possibility to solve the difficulties with voltage maintenance in the networks, is to optimise the voltage regulators of the HV and MV transformers. The regulation should adapt the voltage level of the MV network levels to the current load flow situation in the network area in order to compensate for the negative effects on the power supply caused by consumers and producers in the MV and LV network.
INITIAL SITUATION AND RESULTING OPTIMISATION APPROACH
In the last few years the distribution networks and hence also the MV network were used purely for the transport of electrical energy to the customer. By applying pure load to the cables and transformers, the task was to compensate for the voltage drop along a cable with the help of a voltage regulator in HV/MV transformers and to keep to the voltage limitations at the customers' network connection point. In accordance with the voltage drops which occurred in the MV network, the voltage control units were mostly adjusted to a voltage control base set point of between 101 % and 103 % of the nominal voltage. On the basis of this value it sometimes resulted in an additional load-dependent control of secondary voltage in the transformer (electrical compounding).
As a result of the new challenge to now compensate for the voltage increases in the MV network, an optimisation of the control characteristics was to be examined. In order to do this, the entire permitted voltage range according to DIN EN 50160 [2] of ±10 % was divided up. After taking away the control deviation of ±1 % [3] 
POCEDURE
In order to develop new control concepts, taking into account the stipulated voltage range, a section of the MV network was chosen which was exemplary for the LEW distribution network (Table 1, Figure 2 ). The criteria for this procedure were, amongst other things, a high density of existing DPG and a network distribution area with both an urban and rural network structure (short cable outlets and long power transmission lines) and network segments which were already known to have voltage problems or where problems were expected to occur. Table 1 . Network data for the pilot network area. In order to localise the critical intersections, the load flow calculations were carried out for the entire area using PSS®SINCAL. Both worst-case scenarios were implemented -minimal production and maximal load or maximum production and minimal load -in accordance with [4] and thus the critical intersections were localised. Observations with maximum load or maximum supply at the intersections have the advantage that also the places in the network are shown that to some extent could enter the critical voltage areas if a further DPG connection were made or if they had more consumers in the future.
Characteristics

MSnetwork
In the calculations a constant voltage of 20 kV was taken as a basis set point on the bus bar. As a result of the simulation, two intersections were discovered at which the voltage limitation of ±4.5 % for MV was exceeded. After determining the theoretical level of the critical network intersections, measurements were taken at a total of six cable outlets in order to verify the results. it can be observed that at no point in time do they go below the nominal voltage of 20 kV and thus the negative part (-4.5 %) of the allowed voltage range is not used. However, at five of the six local network stations the allowed voltage limits were exceeded.
In Table 3 the measured maximum and minimum voltage was measured at the same time on the bus bar (V BB ). Thus the percentage values indicate the voltage drop and voltage increase on the cables. None of the measurements exceed the ±4.5 % mark. Thus, it can be concluded that through suitable adjustment of the voltage on the bus bar, the voltage at the local network stations can once again be brought down to a safe level. 
NEW INTERPRETATION OF THE SET POINT ADJUSTMENT
A cheap and quick possibility to optimise the voltage regulator used in the pilot network is to redesign the V f /I Lcurve. After the adjustment, the characteristic curve should not only increase the voltage after the energy is tapped but also, by reversing the load flow, it should decrease the voltage accordingly on the bus bar. Figure 4 serves to illustrate the underlying intention. Here the blue area represents the initial situation of the voltage curve, whereby the green area shows the voltage level, adjusted in relation to the network situation. Several factors have to be taken into account when configuring a voltage curve suitable for a distribution network. After identifying the critical intersections in the distribution network, the effects of different ratios of the HV/MV transformer on the network voltage could be determined by using a simulated on-load tap-changer in a network calculation program. Both of the load flow scenarios which were set up and simulated beforehand in the pilot network area were the starting point for determining the settings for the new voltage regulators. Taking the ±4.5 %-voltage limitations into account in the LVN MV network, the different levels of the on-load tapchanger could be changed in the calculation program until the desired voltage levels were reached at the critical network intersections.
It has to be taken into consideration that one cannot count on there being a reverse load flow at the same time in all the transmission lines in the distribution network. According to the capacity readings taken, especially the short cable outlets in urban areas with low DPG supply, never reach a level where energy can be fed back into the system. For voltage regulation this means that, owing to the inhomogeneous load flow directions in the distribution network, the voltage on the bus bar can only be decreased when there is a high supply to the extent that the voltage in the lines with low supply does not fall under the voltage limitations. Based on these criteria, this resulted in a lower voltage limit of 19.20 kV (96.0 %) on the bus bar in the transformer substation.
The upper voltage limit on the bus bar was determined in a similar way. For the scenario with a high load and only a low supply, a maximum upper voltage limit on the bus bar of 20.92 kV (104.6 %) was reached. Furthermore, the control deviation or rather the measurement accuracy of the inverters built into the transformer substations should be taken into consideration when determining the voltage limits.
In the course of the numerous distribution network calculations, the basis nominal value for the voltage regulator of 20. 
TECHNICAL AND ECONOMIC EVALUATION OF RESULTS
As proof of the theoretically calculated capacity of the voltage regulator used in the pilot network area, the new characteristic curve was transferred to the control unit. The changes made to the voltage regulator could be seen clearly in the voltage and power data on the bus bar recorded by the control system ( Figure 6 ). The voltage curve on the bus bar which was adapted to the power flow situation in the network and at the transformer can be clearly seen. The black dotted line marks the day on which the change was made to the control unit in the transformer substation. Repeated measurements taken at the critical intersections in the distribution network reflect the results of the simulation. On Sunday 19 June, for example, the adjustment to the set point value curve led to a 3.2 % reduction in voltage at the local network station M4 (Figure 2 ). At this point in time almost 23 MW were fed back from the transformer into the substation. This result confirms the assertion that through suitable adjustment to the voltage on the bus bar, the voltage at the local network station can be brought down to a safe level.
The analysis of the switching operations of the on-load tap-changer resulted in the average number of tap changes per day being increased from six to seven.
Thus it could be proven that the feedback effect of the decentralised production plants installed in the distribution network could be compensated for, to a great extent, through the optimisation of the set-point value curve of the existing voltage regulator, without having to make any compromises with regard to the lifetime of the operating equipment and without having to increase the existing MV network capacity immediately.
The deployment of the examined possibility to optimise the HV/MV voltage regulator cannot replace the network expansion required by the renewable energy laws in the long term, however, it offers this possibility in the short term and with comparably little effort it can guarantee that the permitted voltage range in the MV/LV distribution network is observed.
